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From the "top-down" approach we investigate physics implications of the 
qq , class of D- and F- flat directions formed from non-Abelian singlets which 

are proven flat to all orders in the nonrenormalizable superpotential, for a 
^ prototype quasi-realistic free fermionic string model with the standard model 

gauge group and three families (CHL5). These flat directions have at least an 
Ph. additional U (1)' unbroken at the string scale. For each flat direction, the com- 

c"| , plete set of effective mass terms and effective trilinear superpotential terms 

in the observable sector are computed to all orders in the VEV's of the fields 
in the flat direction. The "string selection-rules" disallow a large number 
5_i ■ of couplings allowed by gauge invariance, resulting in a massless spectrum 



with a large number of exotics, in most cases excluded by experiment, thus 
signifying a generic flaw of these models. Nevertheless, the resulting trilin- 
ear couplings of the massless spectrum possess a number of interesting fea- 
tures which we analyse for two representative flat directions: for the fermion 
texture; baryon- and lepton-number violating couplings; i?-parity breaking; 
non-canonical \i terms; and the possibility of electroweak and intermediate 
scale symmetry breaking scenarios for U(l)'. The gauge coupling predictions 
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are obtained in the electroweak scale case. Fermion masses possess t — b and 
r — fj, universality, with the string scale Yukawa couplings g and g/y/2, re- 
spectively. Fermion textures are present for certain flat directions, but only in 
the down-quark sector. Baryon- and lepton- number violating couplings can 
trigger proton-decay, N — N oscillations, leptoquark interactions and i?-parity 
violation, leading to the absence of a stable LSP. 
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I. INTRODUCTION 



At present, there are several challenges to be faced in the investigation of the implications 
of superstring theory for physics beyond the Standard Model (SM). A primary obstacle is 
the degeneracy of string vacua; a large number of string models have been constructed, with 
as yet no fully realistic model. There is also no satisfactory scenario for supersymmetry 
breaking in string theory either at the level of the world-sheet dynamics or at the level 
of the effective theory, and hence no way to break supersymmetry in string models with- 
out introducing new parameters. Both issues are hoped to have a resolution with greater 
understanding of nonperturbative string dynamics. 

Our strategy is to take a more modest view by restricting our consideration to a class of 
string models of perturbative heterotic string vacua which have the ingredients of the 
minimal supersymmetric standard model (MSSM), and thus the potential to be realistic. 
Such quasi-realistic models have been constructed in a weakly coupled heterotic superstring 
theory in a variety of constructions |6|-|TT|j. We consider a class of free fermionic models [PHTT1 
which have N — 1 supersymmetry, the SM gauge group as a part of the gauge structure, and 
candidate fields for the three generations of quarks and leptons as well as two electroweak 
Higgs doublets. These models also possess gauge coupling unification at Mstring ~ 5 x 10 17 
GeV [JT2] without a gauge group unification; this scale differs by an order of magnitude from 
the unification scale obtained by extrapolating from the observed low-energy values of the 
gauge couplings assuming the minimal particle content of the MSSM. (For a review of the 
properties of string models, see Ref. [13] and references therein.) 

This class of models share a number of generic features. Their gauge structures contain 
at tree level an additional non-Abelian "hidden" sector gauge group as well as a number 
of Abelian gauge groups, one of them generically anomalous. The SM hypercharge is de- 
termined as a linear combination of the non-anomalous Z7(l)'s of the model (or perhaps of 
the [7(l)'s that arise when the hidden sector gauge group is broken). In addition to the 
MSSM fields, the particle content typically includes a number of fields which are nontrivial 
representations under the SM (observable sector) gauge group or the non-Abelian hidden 
sector gauge group (or both), as well as a number of non-Abelian singlet fields. Most of the 
fields of a given model are charged under the U(l) gauge groups, such that in general there 
is no distinct separation between the observable and hidden sector gauge groups. 

In this class of models, the couplings are calculable in string theory; techniques have 
been developed to calculate the superpotential [|l^- [T6| , p!Tl , p!7| , |T8| in principle to all orders in 
the nonrenormalizable terms. One generic feature of the superpotentials is that additional 
worldsheet selection rules forbid terms otherwise allowed by gauge invariance. However, the 
determination of the Kahler potential is more involved in part because the Kahler potential is 
not protected by supersymmetric non-renormalization theorems and thus receives corrections 
at all orders in the string loop expansion. Therefore, in the analysis that follows we assume 
a minimal Kahler potential, for the sake of simplicity. 

The analysis of this class of quasi-realistic models proceeds in several stages. The first 
step is to address the presence of the anomalous U(l) in the model. The underlying su- 
perstring theory is anomaly-free, and hence there is a standard mechanism in the four- 
dimensional effective theory in which the axion-dilaton super mult iplet shifts under U(1)a in 
such a way that all triangle anomalies are cancelled. The anomaly cancellation mechanism 
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generates a nonzero Fayet-Iliopoulos (FI) contribution to the D- term of the anomalous 
U{1) at higher genus in string theory Hl9|-^l|]. The FI term would break supersymmetry in 
the original string vacuum, but certain scalar fields are triggered to acquire large vacuum 
expectation values (VEV's) along D- and F- flat directions |19| , |22[| . The new "restabilized" 
vacuum is supersymmetric, with a gauge structure of reduced rank (in particular, the anoma- 
lous U(l) is broken), and a reduced number of massless fields, as the fields which couple to 
the fields in the flat direction can acquire string-scale masses and decouple from the theory. 
Therefore, an analysis of the D- and F- flat directions is the necessary first step in the 
investigation of the phenomenology of the string model. (Issues of anomalous U(l) in string 
models and string (motivated) models were discussed in [p^ , p^| .) 

In a previous paper Rl7| , we developed techniques to classify the flat directions of a general 
perturbative heterotic superstring model with an anomalous U(l). For the sake of simplicity, 
we chose to consider flat directions formed of non-Abelian singlets only, and selected the 
singlet fields with zero hypercharge to preserve the SM gauge group. Our method involves 
classifying the fields according to their anomalous charge to see if flat directions that can 
cancel the FI term can be formed. If such flat directions can be formed, we construct the 
superbasis of all one-dimensional (i.e., that depend on one free VEV before imposing the 
anomalous D term constraint) D- flat directions under the non-anomalous £7(1) 's. The 
elements of the superbasis with the appropriate sign of the anomalous charge to cancel the 
FI term are the building blocks of the Da- flat directions of the model. 

For a subset of these D- flat directions, the requirements of gauge invariance as well as 
a string calculation of the superpotential to a given order suffice to prove F- flatness to 
all orders in the nonrenormalizable superpotential. Our method provides a systematic and 
complete classification of the subset of the D- flat directions which can be proven to be 
F- flat to all orders. Each of these flat directions corresponds to a new restabilized string 
vacuum of a given model. We applied our method to a prototype string model, Model 5 
of (|TTJ (CHL5), in |T7[, and more recently to a number of free fermionic string models in |]18|| . 

The next stage of the analysis of this class of string models is to investigate the impli- 
cations of each flat direction of a given model. In general, a number of U(l)'a are broken 
in each flat direction, though we find that usually at least one U(l) in addition to U(1)y 
remains unbroken. The couplings of the fields in the flat direction to the other fields in the 
model lead to the generation of effective mass terms, such that some of the fields acquire 
superheavy masses and decouple from the theory. Effective trilinear couplings are also in- 
duced from higher-dimensional terms for the remaining light states, with implications for the 
phenomenology of the model. Effective nonrenormalizable terms are also generated []. We 
have developed techniques to determine the effective bilinear and trilinear couplings to all 
orders in the fields with nonzero VEV's along a particular flat direction. Once these terms 
are determined, they are exact to all orders in the string genus expansion ||26|| . The details 



1 However, nonrenormalizable terms competitive in strength are also present in the original su- 
perpotential, as well as generated in a number of other ways, such as via the decoupling of heavy 
states [25 1, a nonminimal Kahler potential, and the corrections to the Kahler potential due to the 
large VEV's. 
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of the effective superpotential strongly depend on the flat direction under consideration. 



In this paper, we analyze a class of the flat directions obtained in [|17| for the prototype 
string model (Model 5 in |TT| (CHL5)), and investigate the implications of the mass spectrum 
and effective trilinear couplings. We choose to consider flat directions with the maximal 
number of fields, which also break the maximal number of £7(1) 's; in these directions, one 
U(l)' is unbroken in addition to U(1)y- We generalize our techniques developed to prove 
F- flatness to determine the effective renormalizable superpotential: 

• Massless Spectrum. For each flat direction, we determine the complete massless 
spectrum (at the string scale). We find that the flat directions considered share the 
undesirable feature that along with the MSSM content there are additional massless 
exotics. For the cases in which the U(l)' is broken at the electroweak scale, the 
exotic fermions remain light compared to the electroweak scale, which is excluded by 
experiment. This feature indicates a general flaw of this type of models. 

• Trilinear terms. Nevertheless, we proceed and analyze the effective trilinear cou- 
plings. For each flat direction we determine all such couplings (to all orders in the 
VEV's of fields in the flat direction) in the observable sector of the theory, i.e., the 
SM and U(l)' sector of the theory. (In addition we include terms involving the hidden 
sector fields that play a role in the renormalization group analysis of the symmetry 
breaking scenarios, a topic of a subsequent paper 



We then discuss the implications of these couplings. The predictions (from a s ) for the 
electroweak gauge couplings are presented. At the level of the trilinear superpotential, we 
consider the fermion masses and textures; baryon- and lepton-number violating couplings; 
i?-parity breaking terms and the absence of a stable LSP; and the occurrence of the non- 
canonical ("half") /i- term. We identify types of symmetry breaking scenarios for U(l)', 
one at the electroweak scale and another one at an intermediate scale [T2^,^]; and 

discuss the family non-universality of Z' couplings. 

While we calculated the mass spectrum and the effective trilinear terms (in the observable 



sector) for all the flat directions (classified in |17]]), in the paper we illustrate the techniques 



and present the detailed analysis along the steps discussed above for two representative flat 
directions. 

In the subsequent paper |27| we plan to carry out further the phenomenological con- 



sequences by introducing soft supersymmetry breaking mass parameters; we shall analyze 
specific SM and U(l)' symmetry breaking patterns, consistent with experiment, and the 
particle mass spectrum at the electroweak scale. 

The paper is structured as follows. In Section ||, we review the flat direction analysis for 
this model given in []17|], and present our techniques to compute the effective renormalizable 



superpotential for each flat direction considered. In Sections |TJ and [V] the two respective 
representative examples are analysed in detail. Conclusions and a discussion of further 
investigations are given in Section [V|. 

II. FLAT DIRECTIONS AND EFFECTIVE COUPLINGS 

The model we choose to analyze is Model 5 of [JTTJ] (CHL5), which has the gauge group 
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{SU(3) C x SU(2) L } ohs x {SU{A) 2 x SU(2) 2 } ud x U{1) A x U{lf. (1) 

In addition to the MSSM fields, the particle content includes the additional chiral superfields: 

6(1, 2, 1,1) + (3, 1,1,1) + (3, 1,1,1) + 
4(1, 2, 1,2) +2(1, 1,4,1) + 10(1, 1,4,1) + 
8(1, 1,1, 2) + 5(1, 1,4, 2) + (1,1, 4, 2) + 

8(1, 1,6,1) + 3(1, 1,1, 3) + 42(1, 1,1,1) , (2) 

where the representation under (SU(3)c, SU(2)l, S77(4) 2 , S77(2) 2 ) is indicated. The com- 
plete list of fields with their U(l) charges are presented in Tables Ia-Ic. Q, u, and d denote 
quark candidates (doublets or singlets), with T> reserved for an exotic quark singlet, h 
generically denote Higgs or lepton doublet candidates, e represents possible lepton singlet 
candidates, while tp is left for other singlets. Capital letters are reserved for fields in non- 
trivial representations of the hidden sector non-Abelian groups. 

The SM hypercharge is determined as a linear combination of the non-anomalous £7(1) 's, 
subject to basic phenomenological criteria (see |1| for more details). We require three 
families of quarks and leptons, as well as at least two candidate electroweak Higgs doublets, 
with conventional hypercharges. We also require grouping of all fields which are charged 
under U(l) em and/or transform under SU(3)c into mirror pairs; this is a prerequisite to have 
a possibility of avoiding exactly massless charged and/or colored particles in the theory. In 
this model, these criteria lead to the unique hypercharge definition (first presented in [|TT|]): 



Y = ^("8Q 2 - 3Q 3 - 8Q 4 - Qs + Qa), (3) 

[normalized to give Y (quark doublet) = 1/6], with Kac- Moody level ky = y.(We calculate 
ky using the universal Green-Schwarz relations; for more details, see [II 



A. Analysis of Flat Directions 



The presence of the anomalous U(l) leads to the generation of a nonzero Fayet-Iliopoulos 
(FI) term £ in the corresponding D- term at genus-one [0,0 g enus two for the dilaton 
tadpole |2T|]) in string theory with 



^string Mp 
1927T 2 



TrQ, 



(4) 



in which String is related to the gauge coupling g by the relation String = g/V2 JT^| (g 
is normalized according to the standard (GUT) conventions, i.e., Tr T a T b = 5^/2 for the 
generators of the fundamental representation of SU(N)) and Mp is the reduced Planck 
mass, such that M P = M pi /^k, with M Pi ~ 1.2 x 10 19 GeV. 

The FI D- term triggers the scalar components ifi of certain chiral superfields $j to 
acquire VEV's in such a way that D- and F- flatness conditions are satisfied flT9| , |22|| . In 
principle, the fields which acquire VEV's may be those with nontrivial representations under 
the observable sector or the non-Abelian hidden sector. For simplicity, we restrict our 
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consideration to the non-Abelian singlet fields of the model, and select only those fields with 
zero hypercharge to preserve the SM gauge group at the string scale. The D- and F- flatness 
conditions for these fields are given by 

£a = E^H 2 + £ = o (5) 

i 

D a = J2Qi a) \^\ 2 = (6) 

i 

dW 

F , = — = 0;W = . (7) 

We list the non-Abelian singlets of the model with their £7(1) charges in Table I. 

In a previous paper |T7J , we presented techniques to classify the D- and F- flat directions 



of a general perturbative heterotic string model with an anomalous £7(1), and illustrated the 
method by applying it to this model. We summarize the method and repeat the conclusions 



here for the sake of completeness, and refer the reader to [17 for more details. 

First, the D- flat directions associated with the non-anomalous £7(1) 's are determined, 
by making use of the one-to-one correspondence of D- flat directions with holomorphic 
gauge-invariant monomials (HIM's) of chiral superfields p^-|36|, constructed from the non- 



Abelian singlets. We construct the set of all one-dimensional HIM's, which we refer to as 
the superbasis. The complete set of D-flat directions under the non-anomalous £7(1) 's can 
be obtained by multiplying the elements of the superbasis. The elements of the superbasis 
with anomalous charge opposite in sign to the FI term £ are flat with respect to the D- term 
of the anomalous £7(1). This subset of the superbasis elements, which we denote as {P a }, 
are the building blocks for the D- flat directions of the model. 



We presented the superbasis in JL7J, and showed that there are five such classes of Da- 
flat elements: 



Pl = 


(y?28 


,^27}, 


P2 = 


(¥>4, 


¥>10, ^30,^27)' 


P 3 = 


(^12 


,^2, ^30, </327); 


Pa = 


<¥>4, 


^2,^16,^30,^27)) 


P 5 = 


(</>12 


,^10,^1,^30,^27) 



(8) 

To these, one should add similar monomials obtained by replacing some field by its copy 
(ip 2 -> ip 3 , ifi -> v? 5 , v?i -> <pn, P12 -> ^13, ^28 -> <P2s)- Therefore, every D A - flat direction 
can be obtained from the set {P a } by 

P = P a N, (9) 

with /V some HIM (not necessarily with Qa > 0). 

To address the F- flatness of the D- flat directions, we note that there are two classes of 
terms in the superpotential that can lift a general D- flat direction P. First, there can be 
terms which are formed only of the fields in the flat direction P: 

w A ~ (n je p$,) n , (10) 
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in which the coefficients (which depend on inverse powers of Mpi) are not displayed explicitly. 
The flat direction P will be said to be type-A if such an invariant is allowed by gauge 
symmetries. If such an invariant exists, there are an infinite number of terms which can lift 
the flat direction, because this invariant can appear to any power in the superpotential. The 
type-A directions will remain F- flat only if string selection rules (e.g. R parities) conspire 
to forbid the infinite number of Wa terms, which is difficult to prove in general. 
The other class of terms are of the form 



W B ~ (IUeP$i) , (11) 

with \& ^ P. A flat direction will be denoted as type-B if gauge invariance only allows 
Wb terms. In contrast to the case with the Wa terms, gauge invariance constrains the 
number of Wb terms which can exist to a finite number. By doing a string calculation of 
the superpotential to a finite order, the presence of these terms can be checked explicitly, 
and if such terms are absent the flat direction is proved to be F- flat to all orders in 
the nonrenormalizable superpotential. We take a conservative approach by restricting our 
consideration to the type-B directions which can be proved to be F- flat to all orders. In 
doing so, we are of course neglecting certain type-A directions that may be F- flat due to 
"string selection-rules" of the model. 

It is straightforward to show |l7j that type-B directions are formed only from carefully 



combining the P a 's. In this model, we found that P4 and P5 are not F- flat, and thus the 
F- flat directions are formed from P 1; P 2 and P3 (and the primed versions of them involving 
copies of the fields). We present the complete list of F- flat directions in Table II. 

This table demonstrates that there are a range of flat directions, which break different 
numbers of the non-anomalous U(l)'s. We choose to analyze the P2P3 and P1P2P3 flat direc- 
tions, which break the maximum number of C(l)'s; these directions all leave an additional 
U(l)' as well as U(l)y unbroken. The unbroken U(l)' is given by 

Y' = T^(" 130 ^ 2 ~ 14 ^ 3 + 148 ^ 4 ~ 51 ^ 5 + 51 ^ 6 )> ( 12 ) 

with k Y > = 4167/250 ~ 16.67. 

The D- term constraints for the VEV's of the fields in the most general P1P2P3 direction 
yield the relations 

\ip 27 \ 2 = 2x 2 ) |^28 (29) I 2 = X 2 - | 2 , 

l^30| 2 = l^ll 2 , l^4(5)| 2 = |^2| 2 , (u) 

|<^2(3)| 2 = l^ll 2 - l^2| 2 , 1^12 (13) I 2 = l^ll 2 - l^2| 2 , 

|^10(11)| 2 = |^2| 2 , 



with 

x 2 = -X (14) 
64 v ; 

In this model TtQa = —1536, and x = 0.013Mp;. | "01,21 are f ree VEV's of the moduli space, 
subject to the restrictions that 
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x 2 > l^il 2 > \H , (15) 

to ensure the positivity of the VEV-squares. Simpler flat directions are recovered by setting 
the free VEV's to particular values; for example, setting |-0i| 2 = |^ 2 | 2 = yields the solution 
for the VEV's of Pi. Therefore, there can be an enhanced number of £7(l)'s at particular 
points in the moduli space. The P2P3 directions are obtained by setting \ipi\ 2 = x 2 , which 
gives |V?28(29)| 2 = 0. 

In some cases, a judicious choice of the copies of the fields allows for F- flatness without 
imposing any constraints on the free VEV's. However, other possible flat directions can be 
formed by imposing constraints on the free VEV's in such a way as to cancel contributions 
from different F- terms, i.e., of the type <fg (^4^10(11) + ^2(3)^12) For example, the 

directions denoted by \p are obtained by imposing l^il 2 = 2|?/>2| 2 , and 7r phase difference 
between VEV's of the v 5 4V 9 io(ii) and <y? 2 (3)^12 terms [|17]] []. The complete list of all such flat 
directions is given in Table II. 



B. Mass Spectrum 

For each flat direction, effective mass terms for fields ^ {^ij ^ {^fc}) ma Y be 
generated by the coupling of these fields to the fields $j in the flat direction, such that 

w ~ ^i^j (n fe6 p$ fc ) . (16) 

The fields with effective mass terms will acquire F-term string-scale masses and decouple 
from the low-energy theory. In cases in which F-flatness occurs via cancellations, other fields 
coupled linearly to the flat directions fields also get heavy masses (we will later study such 

In addition to these large masses induced by F-terms, F-terms can also make some 
(combination) of the fields related to the flat direction heavy (all other fields do not feel the 
presence of large VEVs in the F-terms because of the F-flatness conditions). Particular 
combinations of the real components of the fields entering the flat direction gain a mass of 
order gyf£ (through D- terms) and become degenerate with the massive U(l) gauge bosons, 
completing, along with a Dirac fermion (a neutralino), a massive vector multiplet. This is 
guaranteed by the fact that supersymmetry remains unbroken in the restabilized vacuum, so 
that the spectrum must arrange itself in supersymmetric multipletsQ. The imaginary parts 



2 Throughout the paper we assume that these VEV's are real. For the model discussed the intro- 
duction of complex phases for these VEV's can be absorbed into the redefinition of the remaining 
fields in the effective superpotential, and thus it does not affect the physics at the level of the 
effective bilinear and trilinear terms. 

3 In more detail this works as follows. Using the matrix m a i = \/2g a Q^ (ipi) , the squared-mass 
matrix of U(l) gauge bosons is mm T while that of real scalars, coming from .D-terms is m T m. 
It is a simple exercise to show that the non-zero eigenvalues of mm T and m T m are equal and in 
exact one-to-one correspondence. The presence of non-zero F-term scalar masses does not spoil 
this correspondence when V = 0: they simply give mass to zero-eigenvalues of m T m. 



9 



of these fields become the longitudinal components of the massive U(l) gauge bosons. (This 
scenario thus exhibits all the features of the Higgs mechanism in N = 1 supersymmetric 
theory.) 

For directions which are flat due to cancellations of F- term contributions, some (com- 
plex) fields in the flat direction get masses of order "[Yukawa] x [field VEV]" and form, 
along with its superpartner, a massive chiral superfield. (As mentioned above, the fields 
with zero VEV's which couple linearly in these terms also acquire mass of the same order.) 
Remaining fields in the flat direction, including the real parts of the fields whose VEV is 
not fixed by the flatness conditions, as well as imaginary parts not removed by the Higgs 
mechanism, will stay massless and will appear in the low energy theory^ as massless chiral 
superfields (moduli). 

For the flat directions of the type P2-P3IF, which has all the VEV's fixed, all these (six) 
fields are heavy. Namely, the Higgs mechanism ensures that five imaginary components are 
Goldstone bosons giving mass to the gauge bosons of five (including anomalous) Z7(l)'s, 
and the accompanying five real components get mass, thus completing five massive vector 
supermultiplets. The remaining complex field gets a mass from the superpotential terms of 
the type ^9(^4^10(11) + ^2 (3)^12), he., the terms which require additional constraints on the 
VEV's in order to ensure F- flatness. Note that due to these terms <pg also acquires a mass. 

For the flat directions of the type P1P2P3, there are two free VEV parameters, since now 
an additional field participates in the vacuum restabilization and there are no constraints 
on the VEV's from F- flatness constraints (as opposed to the P\P2\f flat directions), and 
the corresponding analysis shows that now there are two massless complex fields, which act 
as moduli in the space of restabilized vacua. 



C. Effective Couplings 

The spectrum of the low-energy theory not only arranges itself in SUSY multiplets, but 
also, the interactions of the light particles can be described by an effective superpotential 
which contains only the light degrees of freedom. (The moduli fields associated with the 
flat direction in question are absent from this superpotential.) In addition to the trilinear 
couplings of the original superpotential, effective renormalizable interactions for the light 
fields may also be generated via 

W ~ *i*i*fc (JUepQi) ■ (17) 

In principle, effective nonrenormalizable terms at each order will also be generated from 
higher-order nonrenormalizable terms in the superpotential in this way. However, there are 
many other sources for effective nonrenormalizable terms (such as via the decoupling of the 



heavy fields [25]) which are competitive in strength. A complete classification of the effective 



nonrenormalizable terms is beyond the scope of this paper. 



4 This is intuitively clear: (scalar) field excitations along the flat direction are massless while 
excitations transverse to the flat direction are massive. In the presence of a FI term however, the 
flat direction can be reduced to a single point, with all scalar field excitations massive. 
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The method for determining the effective mass terms and trilinear interactions for each 
flat direction is similar to the strategy for determining the Wb terms in the superpotential 
when testing for F- flatness. First, we construct all the bilinear and trilinear terms which 
are gauge invariant under the unbroken gauge group of the model after the vacuum resta- 
bilization (for the P2P3 and P1P2P3 directions, this includes U(l)y and U(l)' as well as the 
non-Abelian gauge groups). We then treat each term as a composite field, and construct all 
possible terms that are gauge invariant under all of the £7(1) 's in the theory (including the 
anomalous U(l)) which involve the fields in the flat direction and are linear in the composite 
field. The next step is to calculate explicitly whether each gauge invariant term is present 
in the superpotential, or forbidden by string selection rules. In practice, the requirements of 
gauge invariance give the order to which the superpotential must be calculated to determine 
the full effective renormalizable superpotential. 

Once the mass terms are determined, it is straightforward to determine the complete 
mass spectrum of the model. The trilinear interaction terms are then written in terms of 
the mass eigenstates, so that the decoupling theorem can be applied to the terms involving 
the superheavy fields. 

In free fermionic constructions the elementary trilinear superpotential terms have cou- 
pling strengths 0(g): the typical value is given by v^string = g, where again g is the gauge 
coupling. However, the introduction of the "Ising worldsheet fields" in more involved con- 
structions (e.g., in [|lll), allows also for Yukawa couplings g/V% and g/2 fll6| . In general, 



the coefficients (= aK+3/M^) (K > 0) of the nonrenormalizable superpotential terms of 
order K + 3 are given by the relation: 



a K+3 ( gstring \ ^ / f^Z,\K n j 

-JTJT - String — I IV^aJ L, K 1 K 



K 




^string [\l ~ ] "j^T ' ( 18 ) 



L Pl 



where a' = 16n 2 / ' (gl tring Mpi) is the inverse string tension, Ck is a coefficient of 0{1) which 
includes different renormalization factors in the operator product expansion (OPE) of the 
string vertex operators (including the target space gauge group Clebsch-Gordan coefficients), 
and Ik is a world-sheet integral. The values of I± and I2 have been computed numerically by 
several authors |16[ with the typical values that are in the range I\ ~ 70, I2 ~ 400. (See |37| 



where special attention is paid to restoring the correct factors and units.) 

The coefficients of the effective trilinear terms are then given by ~ (ax+3/ 'Mpi)\ipi\ . 
Using x as the typical scale of the VEV's, we find that the terms from the fourth order 
have effective Yukawa coupling strengths ~ O.8C1, while the fifth order terms have coupling 
strengths ~ O.IC2. (We took \/2g string = g ~ 0.8, since this is the value typically obtained 
for the model discussed.) Therefore, compared to the typical elementary trilinear term 

V^gstring 

= g ~ 0.8 the fourth order terms are competitive in strength to the trilinear 
terms of the original superpotential, while the higher order contributions are suppressed. 
Of course, the precise values for each term will depend on the particular fields involved. In 
particular, the coupling strengths can depend on the free VEV's of the flat direction, and 
hence are parameters that can be varied in the analysis of the model. 
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The structure of the effective trilinear couplings strongly depends on the flat direction 
under consideration. We have determined the mass spectrum and the effective trilinear 
superpotential terms (in the observable sector) for the directions classified in Table II [|33 



In the following, we analyze the details of the two flat directions, P^P^P^ and P2-P3IF, as 
representative examples. These directions encompass general features of the whole class 
of flat directions (Table II) and demonstrate the nature of the massless spectrum and its 
phenomenological implications. The first flat direction is "minimal" in the sense that there 
are a minimal number of surviving trilinear couplings of the massless observable sector. The 
second one has a richer structure of such couplings, with implications for, e.g., the fermion 
texture, and baryon and lepton violating processes. 

III. P{P 2 Pi FLAT DIRECTION 
A. Effective Superpotential 

This flat direction involves the set of fields P^P^P^ = {<p 2 , V?5, <Pio, ¥13, ¥27, ¥29, ¥30} ( see 
Table II). The VEV's for the fields correspond to the most general case given in (|T3|), such 
that they depend on two free parameters (that are constrained to be bounded from above 
by the value of the FI term as dictated by eq. flT5|)). 

The effective mass terms are computed for this flat direction using the techniques de- 
scribed in the previous section, with the result 

(1) (2) 

W M = gh f h b (ip 27 } + gh g h d (ip 29 ) + Yi—h b h b ((p 5 (p 10 ) + — — h b h b ((p 2 tp 13 ) 

Mpi Mpi 

+ ~^ e d e b + eC g e a)(f 30) + -J={(f\<Pl5 + VWoX^lo) 

(3) 

+ —^(<f7<fl6 + </Wl2) M + —^(<P6<P26 + + <fU<fn) (<P7a) + ^J^2lV?25 {^27^29) 

+ -^(F^+FzF,)^) + -^S 3 S 5 (if 5 ) + Jls&bu) . (19) 

The coefficients of the elementary trilinear terms, equal to g or g/V%, are displayed explicitly. 
It is straightforward to determine the mass eigenstates, and we list the massive and massless 
states in Table III. (The mass spectrum of fields with non-zero VEV's in the flat directions 
were discussed in Section IIA and are not explicitly displayed in the Tables.) 



5 The effective couplings in this and the subsequent section involve third and fourth order cou- 
plings that are modified from those quoted in (T^j. This Modification is due to two effects: (i) 
the correctly implemented picture changing procedure in the calculation of couplings introduces a 
number of additional couplings at the fourth order, and (ii) the implementation of the tests cal- 
culating contributions to the correlation functions from the real left-moving worldsheet fermions 
excludes a number of couplings involving some of the non-Abelian hidden sector fields. The full 
superpotential up to the fifth order will be presented elsewhere. 
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We then determine the effective trilinear couplings involving the observable sector fields. 
In addition, we inspect the effective trilinear self-couplings of the non-Abelian singlets and 
the effective trilinear couplings of non-Abelian singlets to the hidden sector fields which 
could affect the RGE for the couplings in the observable sector. The result is the following: 

(4) 

9 9 

W 3 = gQ c u c c h c + gQ c d c b h c + -^-Q c d c d h a {ip 2 %) + —7=e c a h a h c + —r=e c ?h d h c 

Mpi V2 V2 

(1) (2) 

+ jp-e c h h e h a ((p 5 (p2 7 ) + j^-e c e h e h a (ip 13 ip2 7 ) + gh f h c ip 2 2 + gh b h c (p 20 

(5) (3) (4) 

CXk (Xk 

+ Yl~ S ^ S ^o(V27) + -j7r S i S ^2(V2¥iz) + T7T S ^ S ^^^w) ■ ( 20 ) 
Mpi M pl M pl 

The result is expressed in terms of the mass eigenstates and the VEV's, and the decoupling 
theorem is applied to the terms involving the heavy fields: 



— 9 9 \/2g^~^x^ 
W 3 = gQ c u c c h c + gQ c d c b h c + -j=e c a h a h c + -j=e c f h d h c H ^ X 2 e c h h e h a 

fK (2) 2 (4) 

+ M Pl Vl + r 2^o + ^ 22 )S 2 S 6 

x 2 [4 3) (i-a;) + 4 4) a|] i , , 

+ j^t v / 1 = r 2 (~ r V ? 20 + ^22)^2^6, (21) 



in which 



s W < a, s !*1 < lf (22) 



V20 = 7T^ff(^2o - ^22) and <// 22 = 7T i= f (ry9 20 + ^22) , with r = [a^Xj + ai 2) (A? - 
A|)]x/ (\/2gMpi). h' b is defined in Table Illb. In the numerical analysis, Ai, A 2 are parameters 
that can be varied. 



B. Implications 

The effective superpotential has a number of interesting implications: 
• Massless states: 

There are a large number of states that remain massless, as indicated in Table Illb. 
These states include both the usual MSSM states and related exotic (non-chiral under 
SU{2)l) states, such as a fourth (SU(2)l singlet) down-type quark, extra fields with 
the same quantum numbers as the lepton singlet superfields, and extra Higgs doublets. 
There are other massless states with exotic quantum numbers (including fractional 
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electric charge), and states which are non-Abelian representations under both the 
hidden and observable sector gauge groups and thus directly mix the two sectors. The 
scalar components of these superfields may acquire masses via soft supersymmetry 
breaking. However, within our set of assumptions there is no mechanism to give many 
of the fermions significant masses (]. As discussed earlier, there are additional massless 
states (moduli) associated with the fields which appear in the flat direction but which 
are not fixed. These are not listed in Table Illb. 

U(l)' charges of light fields: 

To invoke an intermediate scale U(l)' symmetry breaking scenario (as discussed in 
[ j33|l ) , which can lead to a mechanism to give significant masses to the additional light 
fields via higher- dimension operators, it is necessary to have at least one pair of Y = 
singlets which remain massless after vacuum restabilization which have U(l)' charges 
opposite in sign (to allow for the breaking to occur along a D- flat direction). An 
inspection of Table Ic indicates that the singlet field (f25 is required for this scenario; 
however, this field acquires a string-scale mass for this direction, and decouples from 
the theory. We conclude that in this case, an intermediate scale scenario is not possible, 
and hence the breaking of the U(l)' is necessarily at the electroweak scale. (We do not 
consider more complicated scenarios in which the U(l)' could be broken along with 
some of the hidden non-Abelian groups.) 

As discussed in |28| , |30|j3l|1 , several scenarios exist which can lead to the possibility of 
a realistic Z — Z' hierarchy. The scenario in which only the two MSSM Higgs fields 
h c , h c acquire VEV's breaks both U{1)y and U(l)' (because the U(l) charges of these 
fields are not equal and opposite), but leads to a Z' which is O(Mz), which is already 
excluded. The scenario in which the symmetry breaking is driven by a large trilinear 
coupling (described in |5DB ) is also not feasible because the U(l)' charges of the relevant 



Higgs fields (which have Y = ±1/2) are opposite in sign, and thus do not allow for 
a small mixing angle Therefore, the only remaining possibility is to have a scenario 
in which the symmetry breaking is characterized by a large (C(TeV)) SM singlet 
VEV ((^20))) w hh the SU{2) L x U(l)y breaking at a lower scale due to accidental 
cancellations. 

In addition, the U(l)' charges of the observable sector fields indicate that the Z' 
couplings are family nonuniversal. In the quark sector, the largest couplings are to 
the third family, with smaller (equal) couplings to the first two. There is a large 
coupling to the exotic T> a . In the lepton sector, where the family assignments are less 
clear, there are unequal couplings to all families. Family mixing between the quarks 
or between the leptons would lead to flavor changing neutral current (FCNC) effects 
in the Z' and (through Z — Z' mixing) Z couplings, while mixing with exotics would 



6 One possible mechanism is to invoke a non-minimal Kahler potential. Another one, which is not 
possible for this particular flat direction, is to utilize an intermediate scale, as discussed in the next 
Section. 
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induce FCNC for both the Z and Z' directly. (Of course, the present model does not 
have a satisfactory way to introduce such family mixings.) 



L- violation: 

The doublets h a , h' b , h c , ha, and h e can in principle (i.e., before examining their su- 
perpotential couplings), be identified as either Higgs or lepton doublets. h c , as well 
as h c , should clearly be identified as Higgs doublets from their couplings to ordinary 
quarks. We will also identify h' b as a Higgs doublet, so that the h c h' b (p' 20 term conserves 
lepton number. The remaining h a , h d and h e are candidates for lepton doublets. In 
particular, the couplings of h a and hd to the Higgs doublet h c indicate that these are 
the doublets corresponding to the fi and r leptons. There is no difficulty with hd- 
However, the leptoquark coupling Q c d c d h a (in which Q c = (t, b) T and d c d can be either 
d c , s c , or the exotic quark D c ) as well as the e c h h e h a and e c e h e h a terms would then 
violate lepton number by one unit, and similarly there is no conserved R parity in 
this model. (The strength of the L- violating coupling Q c d d h a , coming from the 4th 
order, could be reduced by choosing the free parameter Ai close to 1, while allowing 
the relevant massive fields to still have string scale masses.) 

One consequence of these couplings is that there is no stable LSP in this model. 
For example, a neutral gaugino could decay into the fermion e c h and its (virtual) scalar 
conjugate e^, followed by — > e~v a or e~z/ e , where we use the notation h a>e = (u, e~) ^ 
(See Figure la). In principle, Majorana neutrino mass terms can also be generated at 
one loop from the e c h e h e h a or Q c d c d h a coupling. However, such terms are absent in this 
model because a nonzero VEV for h e or h a is required []. 

Effective Yukawa couplings: 

The superpotential not only does not have an elementary /i term, but also does not 
have the usual effective /i term [F28|-ptH] °f the form h c h c (p for any SM singlet (p. Gauge 



invariance and string selection rules forbid the presence of this effective /i term for all 
of the flat directions considered for this model. There is, however, a non-canonical fi 
term h c h' b ip' 20 , which couples to only one of the the ordinary Higgs doublets (h c and h c ). 



In a subsequent paper [^7| we shall analyze the running of the Yukawa couplings and 
an acceptable gauge symmetry breaking pattern that can be obtained even without 
the soft breaking found in the MSSM. However, the lack of a fi term of the 

form h a h c ip leads to an unwanted massless chargino and neutralino, while the absence 
of this or of a canonical fi term of the type h c h c ip leads to a second almost massless 
neutralino and an unwanted approximate global U(l) symmetry. 

In addition, the superpotential for this direction has the feature that only the third 
quark family has large Yukawa couplings, which is a desirable feature. However, the 
Yukawa couplings also indicate t — b and r— fi Yukawa unification with the equal string 



7 For a discussion of neutrino masses in models with R parity violation, see |]38|. 
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FIG. 1. Diagram for gaugino decay into (a) three leptons (AL = 1), which occurs for the 
P^P^P^ direction; (There are similar diagrams for decay into td d e~ or bd c d v a .) (b) three quarks 
(AB = 1), which occurs for the P2-P3I.F direction. u' b , d c and da are SU(2) singlets (i.e., the 
conjugates of u\ , d c c and d c d ). 

scale Yukawa couplings g and g/y/2, respectively |. Unfortunately, the ratio of b and 
t string scale Yukawa couplings l/v2 is probably not consistent with the observed 
mb/m T ratio | 55|| , and the r — \l unification is clearly in disagreement with experiment 



since it would lead to approximately equal r and // masses. The t — b unification may 
be acceptable, but only for a sufficiently large tan /3, where tan f3 is the ratio of VEV's 



of the neutral components of the h c and h c scalars p9 |. (The MSSM mass relations 
may be modified because the sum of the squares of the VEVs of the doublets related 
to the fermion masses (h c , h c ) may be reduced due to the presence of additional Higgs 
doublets.) The superpotential also does not have Yukawa textures in the quark sector, 
so that the first and second quark families (as well as the first lepton) remain massless. 

Running of Gauge Couplings: 

From the massless particle content listed in Table Illb, the (3 functions for the running 
of the gauge couplings can easily be computed. As the number of additional SU(3)c 
exotic fields is minimal (one vectorlike pair), the running of g% is closer to that of the 



This type of Yukawa coupling unification is stringy in nature and different from the standard 
GUT considerations. The obtained hierarchy between the lepton and quark Yukawa couplings is 
due to the fact that the "canonical" candidates for the lepton doublets (which would have had 
the same Yukawa couplings as quarks) are massive for the flat directions considered, and thus 
the lepton Yukawa couplings involve fields that are usually identified with additional copies of the 
(exotic) Higgs doublets or (exotic) lepton doublets. 
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FIG. 2. Running of the gauge couplings Xy/k for the P^P^P^ flat direction, with 
* = l/lGir 2 ln(n/M st ring), with M string = 5 x 10 17 GeV, g\ Matrmg = 0.80. The couplings in- 
clude the factor y/k, where k corresponds to the Kac-Moody level (see the caption of Table V for 
the values of k). 

MSSM than the other gauge couplings. Therefore, our strategy is to take the value 
of #3 at the electroweak scale as an input (we choose a s = 0.12 at Mz), and run the 
couplings to the string scale to determine the value of g = 0.80. (For our purpose, 
it is adequate to consider RGE's at one-loop level, ignoring SUSY threshold effects.) 
The other gauge couplings are then run back to the electroweak scale with this value 
of g as an input, taking into account the Kac-Moody level for the U(l) gauge factors 
(ky = 11/3, fey ~ 16.67) and for the hidden sector non-Abelian groups (k — 2). 

In this case, it would appear from the massless particle content that the running of 
the gauge couplings for SU(2)l and U(l)y are very different from the MSSM case. 
However, we find that the low energy values yield a prediction for sin 2 6w ~ 0.16. 
While this is lower than the experimental value (~ 0.23), the disagreement is less 
than might have been expected given the large amount of exotic matter and the value 
ky = 11/3 (to be compared with the MSSM value 5/3). Similarly, for the SU(2) gauge 
coupling, we find #2 = 0.48 surprisingly close to the experimental value ~ 0.65. The 
variation of the gauge couplings with the scale is presented in Figure 2, and the (5 
functions are listed in Table V. 

In addition, the hidden sector gauge groups are not asymptotically free, and hence 
there is no possibility for gaugino condensation or other strong coupling dynamics to 
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break supersymmetry in the hidden sector. 



IV. P 2 P 3 \ F flat direction 

The fields involved in this flat direction are P 2 P 3 \f = {y?2, y?4, Vio, y?27, y?3o} (see 
Table II). The VEV's of these fields are completely fixed due to the F- flatness constraints: 

I (<p 27 ) | 2 = 2x 2 ; I (^o> | 2 = 2| (^) | 2 = 2\(<p 4 )\ 2 = 2\(ip 10 )\ 2 = 2| (<p 12 ) | 2 = x 2 , (23) 

where a; = 0.013Mp;, and </?io and <^4 have opposite signs of their VEV's. (Recall, that 
without loss of generality, we take all the VEV's real and, except for </? 10 , positive.) 
The effective mass terms for this direction are 

- g 9 9 9 

W M = gh f h b (^ 27 ) + -^( e d e b + e c g e a )(<p m ) + -^=^3^(^12) + ^=Wn(¥>4> + -^7^16^2) 

(i) (2) 
9 1 \ a l 1 \ a b 1 \ 

+ ^^1^15(^10) + "^2-^15^26 mVmo) + ^2-^17(^10^12^30) 

+ -^F 1 F 1 {cp 30 ) + A=F 2 F 2 { Vm ). (24) 

As in the previous case, the coefficients of the elementary trilinear terms, equal to g or 
g/y/2, are displayed explicitly. The massive and massless states are listed in Table IVa and 
IVb, respectively. The fields with nonzero VEV's are all massive in this case (the 'flat-point' 
discussed at the end of Section IIA) and are not included in Table IVa. 

After decoupling the heavy fields, the effective trilinear couplings for the observable sector 
states are: 

(3) (4) (5) 

Oti. Ctk cx\ 

W 3 = gQ c u c c h c + gQ c d c b h c + j^~Q a <^h g {(p4(pao) + -^Qbd c d h g {^i 2 ^) + jj2-Qbd c c h b (<p 12 <p 30 ) 
+ T§2-^^ Wso) + (jl-UbM + ^T<(V?12»« 

M pl Mpi Mpi 

(2) (2') 

+ ^pf c a h a h c + ~^e c f h d h c + {j^feM + ^-e c h ( V4 ))h g h h 

(7) (8) 
CX O! CJ — — — 

+ j^2~elh g h a {ip 10 (p 12 ) + -j^-eih g h a {(p 2 ip 4 ) + -^h a h c ip 25 + gh c h b ip 20 + gh d h b ip 28 
+ gh c h g ip 21 + gh d h g (p 29 . (25) 
from which we can redefine two new fields as: 
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FIG. 3. Proton decay diagrams for (a) (h®) / 0, (b) (h®) = 0. u' b , d c are the conjugates of u% , d] 



In addition, there are effective trilinear couplings involving the singlets tpi and the hidden 
sector non-Abelian fields which also have trilinear couplings to the ipi. Some of these terms 
play important roles in radiative symmetry breaking scenarios. We quote only these terms 
and the complete discussion of the trilinear terms in the hidden sector is deferred for further 
investigation: 

a (3) (3') 
W 3hid = ^^^29^21^25(^27) + -77— ^28^20^25(^27) 

Mpi Mpi 
a (5) ^(6) 

+ 7-5— S 2 S 7 (p21 (^27) + 7-5— S 2 S e ip2o(<P27) 
Mpi Mpi 

(1) (2) (3) 

OJg OJg ttg 

+ j^-S A S 7 Lp 2 i (^27^30^12) + -j-3-S 8 S 7 cp 2 i (^27^30^4) + Yp-SiSe^oiv '27^30^12) 

(4) 

+ Jp-S S S 6 (f2o((p27^30^4) ■ (27) 



A. General Implications: 

This model has many features in common with the previous case: (i) there are many 
massless ordinary fermions and exotics for which we have no apparent mechanism to give 
masses; (ii) the string scale Yukawa couplings display (unrealistic) t — b and r — /i unification 
(at least in the scenario where U(l)' is broken at the electroweak scale) with the respective 
Yukawa couplings g and g/y/2] (hi) there is no effective "canonical" /1 term in the superpo- 
tential; however, there is a possibility of a "non-canonical" fi term; (iv) the U(l)' charges 
are not family universal. On the other hand, there are additional features unique to this flat 
direction. 

• Implications of L and B Violating Couplings: 

Proton-Decay. In this model, there are two effective couplings of the type ud c d c , arising 
from fourth order terms in the original superpotential, (the seventh and eighth terms 
in eq. (^)). The superpotential also has two lepton number violating couplings of the 
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type e c hh (the eleventh and twelfth terms in eq. ( p5|) ), since we identify both hb and 
h g as Higgs doublets due to their couplings to ordinary quarks |. As a result of these 
two types of couplings, there is potential danger for proton decay, illustrated by the 
diagrams displayed in Figure 3 0. The decay rate depends on the masses of the fields 
involved, and on whether h® has a VEV, and thus it depends on the details of the soft 
breaking as well as on a particular identification of the particles participating in the 
process; i.e., some participants can be identified with the exotics and/or the second 
and third family fermions. In particular, e c e could be exotic, which would suppress 
the decay. However, this state is massless within our approach, i.e., the model is not 
sufficiently realistic to make many of the exotic states significantly massive. 

The proton decay rate will be much too fast unless some of the external legs almost 
completely decouple from the first two families. Defining as the product of the 
unitary matrix elements relating the four external legs in Figure 3a to the states 



relevant to proton decay, and U b as the corresponding product of six matrix elements 
for Figure 3b, one requires 

(h° b )u^<W-V prop , (28) 
U® < 10- 15 mJ rop , 

where (h b ) and scale for the internal propagators, typically set by the 

electroweak/SUSY scale) are in TeV and we have assumed a lifetime of r > 10 34 yr. 

N — N Oscillations. Even if proton decay is somehow suppressed, the coupling of 
the type ud c d c also implies that there are N — N oscillations via a diagram that in- 
volves gaugino exchange (see Figure 4a). Another process that can contribute involves 
exchanges of three virtual squarks (Figure 4b), but is more model dependent since it 
depends on the trilinear soft supersymmetry breaking term associated with ud c d c . (For 
a recent review of N — N oscillations see |0.) Since all the effective trilinear terms 



in the superpotential are fixed for this flat direction, and this coupling appears at the 
fourth order and is not suppressed, the only suppression is due to the identification of 
the fields in the coupling with exotics and/or second and third family fermions. (For 
some other flat directions, e.g., P[P2P^\f-, the trilinear coupling depends on one free 
VEV, allowing for additional suppressions if that VEV is small.) 

From the experimental limits on oscillations and AB = 2 nuclear decays [^UJ, one finds 



9 We could instead interpret h b as a lepton doublet. In that case the e^hghh term would conserve 
lepton number. However, the L- violation would then show up elsewhere, e.g., the fifth term in ( |25| ) 
would correspond to an L-violating leptoquark interaction. 

10 For some other flat directions there is, along with the baryon violating term of the type ud c d c , 
also a lepton violating term of the type Qd c h (where h is a lepton doublet), e.g., the -Pii^-f^lF 
direction has such a term. In this case proton-decay takes place via an effective dimension six 
operator and is even harder to suppress. 
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FIG. 4. Diagrams for the AB = 2 processes N —* N (neutron oscillation) or AB = 2 nuclear 
decay. The tri-scalar vertex in (b) corresponds to a soft supersymmetry breaking "A-term". u b , 
d c and d b are the congugate of u b , d c c and d b . 

U® < 10- n mJ rop , (29) 

where is the product of the unitary matrix elements for the six external fermions 
onto the neutron states and TeV. Again one would need one or more of the 

states to almost decouple from the first family. 

R-parity Violating Processes. The lepton- and baryon- violating couplings imply that 
there is no stable lightest supersymmetric particle (LSP). E.g., if one assumes that 
the LSP is a gaugino, the baryon- violating coupling allows for a decay of a gaugino 
into three quarks via the exchange of a virtual squark, as shown in Figure lb; and 
the lepton- violating coupling into three leptons via a virtual slepton, by a diagram 
analogous to Figure la. 

• Textures: 

The Yukawa couplings for the ordinary quarks display a possible texture for the down- 
type quarks, if the Higgs doublets h c , h b , and h g all acquire VEV's. In this case, the 
mass matrix for the down-type quarks is 



n It is possible for (h g ) and (h b ) to accquire phases by a spontaneous breaking of CP for some 
symmetry breaking patterns |p7|| . However, these phases can be absorbed into the definition of the 
mass eigenstate quarks, so that Uckm is real for this model. 
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(30) 



and the mass terms in the Lagrangian are 



— L r 



{Qa,Qb,Qc)M 



(31) 



The state d c a is the partner of the exotic T> a \ both remain massless in this model. 
It may be possible for all four Higgs doublets h c , h c , hb and h g to acquire non-zero 
VEV's. Then the mass matrix for the down-type quarks has the most general form 
given in ([3(]), which by inspection demonstrates that there is no mixing between the 
third family and the first two families. In general, there are three massive states: one 
heavy (bottom) quark, and two lighter quarks due to suppressions from the higher order 
terms. One of them may be massless if the string coefficients c4 = af 1 and c4 = af^ , 
which also results in nearly maximal mixing in the case in which (hb) ~ (h g ). If either 
h b or h g does not acquire a VEV, there will be one massless and two massive eigenstates 
(once again, with a hierarchy of masses). Clearly, if both hb and h g do not acquire 
VEV's, the down quark states of the first two families will remain massless. 

It is convenient to define the dimensionless ratios (for the case (h c ) ^ 0): 



^3,4 



K 5,6 



(h g ) qf 4 V (h g ) 
(h c )^2gM 2 Pl ' (h e ) 



(h) a 



(5,6)^2 



(h c ) V2gM 2 Pl 



0.1 



(he) 



(32) 



where the numerical values use the estimates of a 5 from Section II. Then, neglecting 
the running of the Yukawas down to low energies, the quark masses are 



(m u , m c , m t ) = (0, 0, 1) x g(h c ) , 
(m d , m s , m b ) = (5 1 , 6 2 , 1) x g(h c ), 



(33) 



in which are the mass eigenvalues 



El 



k\ - l^l) 2 + 4(^6^5 + K 3«4 



,2\l/2 



1/2 



(34) 



Although this is not fully realistic, it illustrates the possibility of a realistic m s jm b 
ratio due to the contribution of the fifth order terms. For k 3 = k 4 and K5 = Kq, one 
has m d = 0, as expected. However, a small m d /m s can emerge if k 3 7^ k 4 or k 5 7^ k 6 . 
One does not expect the a's of the same order to be equal in general, leading to the 
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possibility of a small md/m s even though they both are from dimension 5 operators. 



The expected ratios of the doublet VEV's will be discussed in p7fl . It is straightforward 
to determine the CKM quark mixing matrix corresponding to this texture. One finds 



U, 



CKM 




(35) 



in which the mixing angle 9 C is given by 

2(k 3 K 4 + K 5 K 6 ) 



tan(2# c 



rtQ \^ rbfi ii>A fvx. 



(36) 



For «3 = and K5 = Kq, one obtains maximal mixing and 9 C = 71/ '4. Relaxing the 
equality of the as's one obtains a more realistic value for 9 C , as well as md/m s ^ 0. 
However, the relation 9 C ~ {md/ms) 1 / 2 (~ 0.2) does not hold except for special values 
of the parameters. 

As for the texture in the lepton sector, if h g acquires a non-zero VEV then the terms 
e c b h g h a and e^h g h a in fl25|) can (slightly) break the (unrealistic) r — /x degeneracy. 
However, the electron remains massless in this scenario. 

• Running of the Gauge Couplings: 

The mass spectrum for the quark sector for this model is the same as in the previous 
case; hence, we adopt the same strategy for the running of the gauge couplings. The 
(3 functions, as listed in Table V, are similar to those of the P^P^P^ direction. Again 
we choose ot s = 0.12 at M z and run the couplings to the string scale to determine the 
same value of g = 0.80. (The number of massless colored fields is the same as in the 
previous example.) We find the values g\ = 0.40 (which includes ky = 11/3 factor) 
and gi = 0.46 {ki = 1) at the electroweak scale, yielding sin 2 9w = 0.17. 



B. Possible U(l)' Symmetry Breaking Scenarios 

In this model, (^25 remains massless at the string scale (see Table IVb). This field, which 
has U(l)' charge opposite in sign to all the other singlet fields (with nonzero U(l)' charge), 
is required for ensuring the U(l)' D- flat direction, and thus is necessary for the intermediate 
scale symmetry breaking scenario, as discussed in Ifffi] . The U(l)' D- flat direction involves 
</>25 and one of the singlet fields {</?i8, <^i9, ^20, ^21, ^22}- The couplings of these singlet fields 
seem to indicate that an intermediate scale flat direction involving (^20 or y?2i is potentially 
dangerous, as it would decouple h c , and hence the top quark coupling. However, the D- flat 
directions involving <y9 2 o, ¥21 are n °t F- flat at the renormalizable level. In particular, they 
are lifted by the couplings ^25 ^20 ^28 an d V 9 25V 9 2iV 9 29, respectively, and thus the symmetry 
breaking scale would take place at the electroweak scale. 

If one can ensure that the supersymmetry breaking mass-squares of ^20 an d ^21 stay 

positive at low energies, while m 2 + m 2 n , , is negative, then we can have intermediate 

* & ' V25 V18/19/22 & ' 

scale symmetry breaking along the D-flat direction(s) ^25 + <^i8/i9/22- 
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Using gauge invariance arguments and string selection rules, we find that there are no 
higher dimensional non-renormalizable operators (NRO's) in the superpotential involving 
self-couplings of the singlets in the intermediate scale Z)-flat direction, which in principle 
could stabilize the flat direction and determine the intermediate scale of the symmetry 
breaking. Hence, in this model the symmetry breaking is purely radiative, with the scale 
Urad very close to the scale at which the sum of the mass squares m^ 2s + m % 16/19/22 crosses 
zero 
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After the intermediate scale symmetry breaking, the electroweak symmetry breaking has 
a few novel features, different from the previous case: 

(i) In this case, h c is heavy and decouples, and so the bottom quark Yukawa is absent in the 
theory. The first and second families can have electroweak scale masses if hb and h g acquire 
VEV's. In addition, the decoupling of h c makes \i and r massless at the electroweak scale, 
since couplings h a h c e c a and h d h c e c j all disappear. 

(ii) The running of the gauge couplings has to be modified in order to take into account 
the decoupling of the heavy states. However, the complete determination of the fields with 
intermediate scale masses requires a detailed knowledge of the relevant NRO's, and is beyond 
the scope of the paper. 

(iii) In principle, it is also possible to give the total singlets (with Q Y = Q = 0) intermediate 
scale VEV's; since they do not have any D- term, the symmetry breaking scenario is similar 
to the case with the charged SM singlets in a D-flat direction. In this model, the only total 
singlets which have Yukawa couplings (and hence their mass-squares can be driven negative 
radiatively) are <£> 2 8 an d y?29- However, these fields couple to y?25 at the effective trilinear 
level, which give rise to effective F- terms that push the VEV's down to the electroweak 
scale. Therefore, <£> 28 and (^29 cannot be involved in the intermediate scale flat direction at 
the same time as ^25 • 

These possibilities are discussed in detail for specific Ansatze for the soft supersymmetry 



breaking mass terms in ||27|| , while the implications for generating the effective /i term as 
well as ordinary and exotic fermion masses via higher dimensional operators [33 is deferred 
to a future study. 



V. CONCLUSIONS 

In this paper we have given a thorough investigation of the physics implications for the 
observable sector of the CHL5 model from the "top-down" approach. For this model a 
complete classification of the D- and F- flat directions due to non-zero VEV's of the non- 



Abelian singlets was found [|18|]; these directions were shown to be flat to all orders in string 
perturbation. Along all these flat directions there is at least one additional U(l)' factor 
(along with the SM gauge group). We chose two particular flat directions as representative 
examples which exhibit the type of physics phenomena characteristic for the quasi-realistic 
string vacua based on free-fermionic constructions. 

For each of the representative directions we found a complete massless spectrum and the 
trilinear terms in the observable sector of the superpotential. (We also determined the terms 
of the observable sector fields to the hidden ones that may play a role in the RGE analysis.) 
Gauge invariant bilinear and trilinear terms were first determined to all orders in fields with 
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non-zero VEV's along a particular flat direction. The subsequent string calculation for a 
particular gauge invariant term then determines whether this term is indeed there. Notably, 
the world-sheet constraints of string theory disallow a large number of gauge invariant terms; 
thus, there are in general fewer terms than expected. These "string selection-rules" have in 
general important physics implications: 

• Massless spectrum. Along with the MSSM particle content there are a large number 
of additional massless (at the string scale) exotics. In the case of electroweak scale 
U(l)' breaking, the exotic fermions are light compared with the electroweak scale, 
which is clearly excluded by experiment. This feature seems to pose a serious problem 
in the search for a realistic string vacuum. 

Surprisingly, the type of massless particle content that survives for the two representa- 
tive flat directions, combined with the higher Kac-Moody level for U(1)y, still allows 
for a gauge coupling unification with a prediction for sin 8w ~ 0.16 that, while not 
consistent with experiment, is not too far away from the experimental value. 

• Trilinear Couplings. The string models based on a free fermionic construction 
possess the feature that nonzero trilinear terms at the third order are of the order of 
the gauge coupling, and thus large. For the particular model discussed they are equal 
to g or g/y/2. (Such large trilinear terms facilitate the radiative symmetry breaking 
scenarios of the SM and U(l)' gauge structure.) Importantly, the trilinear terms 
surviving at the fourth order turn out to have effective couplings that are comparable 
to those at the third order pTj. Only at the fifth and higher orders, the suppression 



of these coupling becomes significant, i.e., of order 1/10 and smaller. 

Again, the number of allowed trilinear terms in the superpotential is significantly 
smaller than allowed by gauge invariance, which has a number of implications: 

Fermion Textures. The CHL5 model possesses a distinct feature that in the quark 
sector only one up-type and one down-type quark have Yukawa couplings at the third 
order, while in the lepton sector generically two e-type couplings have Yukawa cou- 
plings at the third order, so that at the string scale there is t — b and t — \i universality 
with the respective couplings g and g / \^2. While t — b universality is consistent with 
experiment for sufficiently large tan (3, the ratio of b- and r- Yukawa couplings is some- 
what large, and r — fi universality is clearly not physical. For certain flat directions 
(e.g., the first example) there is no further texture in the fermion mass matrix. On the 
other hand, in other directions (e.g., the second example) the texture is induced at a 
higher order - however, only in the down quark- sector, and only certain entries arising 
at a specific order (e.g, for the second example, at the fifth order). These features are 
modified in the intermediate scale case, in which the h c acquires an intermediate scale 
mass (and no VEV), and most of the fermion masses would have to be generated by 
higher dimensional operators. 

\i parameter. In principle, there is a possibility of having a standard effective /it-term at 
the electroweak scale, due to the trilinear couplings of the two standard Higgs doublets 
(which respectively couple to the t- and b- quarks) to the SM singlet (s) which acquire 
non-zero VEV's at the electroweak scale (and, if they are charged under the additional 
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U(l)', give mass to the Z'). It turns out that there is no such canonical /x-term in 
these examples. However, there are "non-canonical" /z-terms that involve a standard 
Higgs doublet with a coupling to the t-quark and another Higgs field (that may couple 
to the s- or <i-quark at high orders). This non-canonical /i-parameter has interesting 
implications for the neutralino and chargino sector mass patterns. 

Baryon and lepton-number violating couplings. In general such couplings are present; 
they may induce proton decay, N — N oscillations and/or leptoquark couplings and 
break i?-parity, so that there is no stable LSP. For specific directions such couplings 
are absent or could be suppressed within a specific SM symmetry breaking scenario. 

• The 11(1)' symmetry breaking pattern can be either at an intermediate or at the 
electroweak scale. It depends on the U(l)' charges and the type of trilinear couplings of 
the massless SM singlets. E.g., for the first representative direction all the U(l)' charges 
of the massless SM singlets have the same sign; thus, there is no .D-flat 11(1)' direction, 
and the breaking necessarily takes place at the electroweak scale. The particular values 
of the U(l)' charges for the light particle spectrum (which are family non- universal) , 
imply new experimental constraints on this Z'. On the other hand, in the second 
example there is an additional massless SM singlet with the opposite sign of U(l)' 
charge from the other singlets, and F-flat [/(l)'-directions for the trilinear couplings, 
and thus the symmetry breaking can take place at an intermediate scale. It turns out to 
be purely radiative in origin, because of the absence of the relevant nonrenormalizable 
terms in the superpotential. 



Further specific properties of the symmetry breaking patterns, and the corresponding 
mass spectrum at the electroweak scale, depend on the soft supersymmetry breaking mass 
terms introduced by hand at the string scale. Specific examples with a realistic electroweak 
SM and U(l)' breaking pattern, will be investigated in fl2"Tfl . 

While the trilinear couplings in the hidden sector were not explored to all orders in 
the VEV's of the fields in a particular flat direction, the terms at the third and fourth 
order are known [DJ. (Terms at higher orders are suppressed.) Further investigation of the 
implications of the hidden sector is underway. 

The work presented in this paper opens a number of further avenues for investigation. 
Specifically, the study of non-renormalizable terms in the superpotential is needed. In this 
case the investigation is complicated by the fact that along with the direct determination of 
the non-renormalizable terms in string theory there are additional induced terms due to the 
decoupling effects of the fields that became heavy after vacuum restabilization. (For detailed 
investigation of these decoupling effects see ||25|| .) Further study of the corrections to the 
Kahler potential after vacuum restabilization is also needed. These effects may have further 
implications for the mass spectrum in the intermediate scale U(l)' breaking scenarios. In 
particular, a number of exotic fields could acquire mass at a scale larger than the electroweak 
one. In addition, additional entries in the fermion textures can appear and effective \x term 
can be generated p3 . 



The techniques for systematic classification of D- and F- flat directions [r7|,rj] for per- 
turbative heterotic string vacua with anomalous U(l)' and the subsequent determination of 
the mass spectrum and coupling of the restabilized vacua, as investigated in this paper, is 
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general, and can be applied immediately to the study of other quasi-realistic models, which 
is also underway. These techniques may also be applied to the study of non-perturbative 
heterotic string vacua with anomalous U(l)' pl|j . 

The models discussed in this paper are not fully realistic, and contain such features 
as very light or massless exotic fermions, charginos, and neutralinos, an unwanted r — fi 
universality and undesirable ratio of the b- and r string scale Yukawa couplings, unrealistic 
fermion textures, and possible proton decay, etc. However, they also contain at least the 
gauge structure and particle content of the MSSM, and illustrate a number of features 
of this class of string models that are likely to be present in many other string models, 
including nonperturbative ones. These include additional Z' bosons, which may have family- 
nonuniversal couplings and which may have masses either at the electroweak scale or an 
intermediate scale; exotic fermions and their scalar partners; approximate gauge unification; 
the possibility of effective non-standard /i terms; an extended neutralino/chargino spectrum; 
the possibility of baryon and/or lepton number violation; and i?-parity violation, leading to 
the absence of a stable LSP, leptoquark couplings, and non-standard chargino/neutralino 
decays. 
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Table 1(a): List of non-Abelian non-singlet observable sector fields in the model with their 
charges under the U(l) gauge groups, hypercharge as defined in eq. (H), and U(l)' as defined 
in eq. (0). The second column introduces the notation used throughout this paper, and the 
third column the translation to the notation used in [|ll|] (CHL). 
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4 


-4 


-4 


24 


8 


3 


65 




-P3-6 








-12 








12 


-20 


3 


65 




-^7,8 


2 





4 


2 


8 


-12 


-12 


-3 


-65 




^9,10 


-2 





4 


2 


8 


-12 


-12 


-3 


-65 


(1,1,1,2): 


#1,2 





-2 


8 


-4 


-12 


12 


-4 


3 


65 




#3,4 





-4 





2 


-8 


24 


-8 


3 


204 




#5,7 





2 


-8 


4 


12 


-12 


4 


-3 


-65 




#6,8 








16 


2 


-16 








-3 


74 


(1,1,4,2): 


#1,2 








-4 


-2 


4 


-24 


-8 





-139 




E 3 





-2 


4 





4 





16 










#4,5 





-2 


4 





-8 


-12 


-12 








(1,1,4,2): 


#1 





2 


-4 





-4 





-16 








(1,1,6,1): 


Si 


2 





-8 


2 


-4 


-12 


4 










S 2 





-4 


8 





-4 


-12 


4 










S3 


-2 





-8 


2 


-4 


-12 


4 










04 


2 





8 


-2 


4 


12 


-4 










S 5 





4 


-8 





4 


12 


-4 










S6,7 





2 





2 


-8 


24 


-8 





139 




Ss 


-2 





8 


-2 


4 


12 


-4 








(1,1,1,3): 


Ti 


2 


4 





-2 


8 


24 


-8 










T 2 





-2 


8 


2 


12 


36 


-12 





139 




T 3 


-2 


4 





-2 


8 


24 


-8 









Table 1(b): List of non-Abelian non-singlet hidden sector fields in the model with their 
charges under the U(l) gauge groups, hypercharge as defined in eq. (0), and U(l)' as defined 
in eq. (U). (We largely follow the notation of 0] (CHL).) 
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Qi 


Q2 


Q3 


Qi 




Qe 


Qa 


QQy 


IOOQy' 


e c 


e l,3 


<S25,25' 





-2 


-8 


-6 


4 


12 


-4 


6 


-9 


4 


el 


5*10 


4 


-2 


-24 


-2 


-4 


-12 


4 


6 


-9 


e d,9 


S\,A 


<S2i,2i' 





-4 





-4 


-8 


24 


-8 


6 


130 


K 


S2 


S13 


2 





-16 


-2 


-32 








6 


130 




S3 


S 2 





-4 


-16 





8 


24 


-8 


6 


130 


el 


S5 


5*17 


-2 





-16 


-2 


-32 








6 


130 


e c 


S6 


Sg 


-4 


-2 


-24 


-2 


-4 


-12 


4 


6 


-9 




Sl,2 







4 


16 





16 








-6 


-130 


e c 


S 3 


s 2 





4 


16 





-8 


-24 


8 


-6 


-130 


ed, e 


^4,5 


'S'24,24' 





2 


24 


2 


4 


12 


-4 


-6 


9 


e / 


S 6 







-2 


8 


2 


12 


-60 


20 


-6 


-269 




y?i 


5*4 


4 


























^2,3 


^2,3 




2 


4 





-2 


-16 














^4,5 


^4,5 


Sl4,14' 


2 


-4 


16 


-2 

















^6,7 


^6,7 


^6,6' 


2 


-4 





2 


16 














^8,9 


V?8,9 


" 15,15' 








-16 


4 


16 














^10,11 




Se,& 


-2 


4 





-2 


-16 














V12, 13 


^12,13 


Sis,i8' 


-2 


-4 


16 


-2 

















^14,15 


^14,15 




-2 


-4 





2 


16 














<£>16 


Vl6 


s 4 


-4 


























V?17 


Xl 


S22 


2 


4 





-2 


8 


24 


-8 








^18,19 


X2,3 







2 


8 


-6 


-4 


-12 


4 





-139 


^20,21 


X4,5 


<Si9,i9' 





2 


-8 


-2 





-24 


-24 





-139 


f22 


X6 


S12 





2 


-24 


2 


28 


-12 


4 





-139 


V?23 


X7 


S3 








16 


-4 


8 


24 


-8 








V?24 


X8 


St 














-12 


-12 


-28 








V?25 


X9 


S20 





-2 


8 


2 


12 


36 


-12 





139 


V?26 


Xw 


S23 


-2 


4 





-2 


8 


24 


-8 








V?27 


Xn 


Si 














12 


12 


28 








^28,29 


Xl2,13 


S8,8' 














-24 


-24 


8 








V?30 


Xl4 


S3 








-16 


4 


-8 


-24 


8 









Table 1(c): List of non-Abelian singlet fields in the model with their charges under the U(l) 
gauge groups, hypercharge as defined in eq. ([|), and U{\)' as defined in eq. (0). The first 
column gives the notation used throughout this paper, the second column the translation to 
the notation used in JTT]] (CHL), and the third column the translation to the notation used 
in IH7I. 
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FLAT DIRECTION 


Dim. 


# I7(l)'s 


Pi = (</>28, fh) 

P{ = (ip 29 ,ip 2 27 ) 





1 





1 


P 2 =(^5,^10,^30,^7) 
P'i =(^5,^11,^30,^27) 
^3 = (^13,^2,^30,^27) 
P3 = (^13,^3,^30,^7) 





3 





3 





3 





3 


PlP^F = (^12, VlO,^,^, <^30^27) 1^ 
P'i'P'i'W = (<PlZ,<Pll, <Pt,<P3, <PaD,<Pzr) \f 





4 





4 


p i p { = (<Pw, ¥29, <Pvr) 

P2P2 = (<P% ^10, <Pn, v4> V27) 

P 3 P 3" = (<Pl> ¥12, fl3, Vlo, ^27) 

P X P' 2 = (v?28, <P6, <flO, ¥?30, ^27) 

P 1 P 2 = (V?28, <P5, <Pll, ¥?30, ^27) 

Pl P 2 = (V?29, <P5, <PlO, ¥?30, <Pm) 

P'lP'i = (^29, ¥?5, (Pll, ¥?30, V27) 

PlP^ = (ip 28 , V?2, </?13, ¥?30, v4r) 

P 1 P 3 = (^28, ¥>3, Vl3, ¥?30, V27) 

P l' P 3 = (^29, ¥>2, ¥>13, ¥?30, V27) 

P l /P 3" = (^29, (P3, ¥>13, ¥?30, ¥4?) 

P 2 P 3 = (^2, VS, VlO, ¥>13, ^lo> ^27) 

P 2 P 3 = (^3, <^5, ¥>10, <^13, v4i ^27) 

P 2 ,P 3 = (^2, <^5, ¥>11, ^13, ^30, ^27) 

P 2 P 3 = (^3, <^5, Vll, ¥>13, ¥>lo> ^27) 

P^AIf = (^12, ^10,^4,^2,^28, ^0'^27) 1^ 


1 


1 


1 


3 


1 


3 


1 


3 


1 


3 


1 


3 


1 


3 


1 


3 


1 


3 


1 


3 


1 


3 


1 


4 


1 


4 


1 


4 


1 


4 


1 


4 


A'^PsIf = (^12,^10,^4,<^2,<^29,yio,^27)|F 
PiPi'PsiF = (Via, Vll, ¥>4, V3, ¥?28, vlo, ^2?)If 


1 


4 


1 


4 


P{P%'Pg'\ F = (<f 12 , tpn, <f 4 , <f 3 , ip 2 9, <P$Q, ^2?)If 


1 


4 


P 1 P 2 P 3 = (^13, <PlO, <PB, <P2, V28, ¥>§0> V27) 


2 


4 


P l' P 2 P 3 = (^13, ¥?10, PS, ¥>2, ¥?29, V27) 


2 


4 


Pl P 2 P 3 = (<P13, <P10, <PS, <P3, ¥?28, V27) 


2 


4 


A P 2 P 3 = (^13,^10,^5,^3,^29,^30^27) 


2 


4 


Pl P 2 P 3 = (<P13, <Pll, <PS, ¥2, ¥?28, V?30, V27) 


2 


4 


P1P2P3 = (<PX3, <Pll, <P5, ¥2, ¥?29, ^30, V27) 


2 


4 


P 1 P 2 P 3 = (Vl3, Vll, ^5, ^3, ^28, ¥>§0, V27) 


2 


4 


Pl P 2 P 3 = (V13, <Pll, ¥?5, ¥?3, ^29, Vlo> V27) 


2 


4 



Table II: The explicit list of type-B D- flat directions that are F- flat to all orders for 
the CHL5 model. (This table expands the compact presentation of these flat directions 
given in fl7[l .) The dimension of the direction, after cancellation of the Fayet-Iliopoulos 
term, is indicated in the second column. The third column gives the number (out of six) of 
non-anomalous U(l)'s broken along the flat direction. 
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Massive Fields 



Mass 



h g ,hd 

,c 



^dt ^o' 



12) 



<A},¥>4 = |^(|^2|^4+ V^ll 2 - |^2|V 
<£l> ¥>15 
<P7, <fl6 

<f6,<f8,(fl4,(fl7, ^23,^26 
V?21, V?25 _ 
-Pi 5 -^2, -Fl, F 2 



IV1 12 



g\/x- - m 



V 7 ^ 



Table Ilia: List of massive states for the PlP^P^ flat direction as can be read off from the 
effective bilinear superpotential terms ([19D . Here N\ = 2g 2 x 2 + [0(4 | "02 1 2 + Ch (iV'il 2 ~~ 
|^2| 2 )] 2 /M|, and N 2 = 2{af } /M p i) 2 x 2 (x 2 - |^i| 2 ) and the definition of VEV parameters 
x, ipx and ip2 is given in eqs. fll3f) . The fields with nonzero VEV's in the flat directions 
(ip 2 , if5, fio, ipi3, (P27, ¥29, f3o) are discussed in the text (at the end of Section IIB) and are 
not given in this Table. [Five complex fields contribute to the Higgs mechanism, completing 
five massive vector supermultiplets, associated with the spontaneous symmetry breaking of 
five U(l) factors (including anomalous U(l)) and two complex fields remain massless (and 
act as moduli associated with the two free parameters of VEV's).] 
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Massless Fields 



Q aiQbiQ c 

u c a ,u c b ,u c c 

rjC AC AC JC <T\ 



ha foe 



J 



h h h h 

' b ay "cv L di' L e 

pC pC pC pC pC pC pC 

c a! °&, °c, °e, °/> °h, °i 
^c, ^d, 6 e , 6j 
^3,^11, ^18^19^20^22,^24,^28 
^12 = ^(-VVll 2 - l^2|Vl2 + |^2|^4) 

D_ h D 2 ,p 3} p 4 _ 
F 3 , F 4 , F 5 , F 6 , F 7 , F 8 , F 9 , F w 
Hi, Hj, H 3 , H 4 , H 5 , H e , H 7 , H 8 
Ei, Ei, E 2 , E 3 , E A , E 5 

02 , tJj, >J6, 2Xl 8 

s[ = j^h^\H 2 -\H 2 S3 + \HSi) 

Ti,T 2 ,T 3 



Table Illb: List of massless states (excluding the two moduli) for the PlP^P^ fiat direction. 
These are fields without an effective bilinear term in the superpotential (|1~9|). 
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Massive Fields 


Mass 


hb,hf 

e di e <?> ^a-i &b 
7-^8; 7^3' — 1^3 T V^llJ/ V ^ 

¥>15, ¥>V = (-f fl + ^i<P26)/VN~l 
a^' 3 

<P7, ^16' = (f <^16 - I^T^lO/v 7 ^ 
^1, ^2, ^1, F 2 


gx 

9 ry 

V2 X 
V2 X 



Table IVa: List of massive states for the P 2 Pz\f flat direction, with Ni/ 2 = g 2 x 2 /4 + 
(a^ 2 ^ x 3 /2Mp l ) 2 . Except for ip g the effective bilinear terms can be read off eq. fl24|). The 
fields with nonzero VEV's in the flat directions (<£> 2 , ^4? V^io, <fi2, ^27, y?3o) are discussed 
in the text (at end of Section IIB) and are not given in this Table. [Five complex fields 
contribute to the Higgs mechanism, completing five massive vector supermultiplets, asso- 
ciated with the spontaneous symmetry breaking of five U(l) factors (including anomalous 
£7(1)) and one complex field gets its mass due to the superpotential terms which impose F- 
flatness constraints on VEV's, i.e., (gx/2)(p 9 (5ip 2 + 5ipi 2 — 5ip4, + 5(pi ). Note that (p 9 acquires 
mass due to the same coupling in the superpotential.] 
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Massless Fields 

Q aiQbiQ c 

u c a ,u c b ,u c c 
H c H c H c H c T) 

h a ,h c , h d 
ha,hb,h c ,h d ,h e , hg 

£)C £)C £)C £)C £)C £)C £)C 

e a' e 6' e c e e' e /' e fc; e i 
C(i; Ce; 

^5, ^6, <£>13, <PU, <Pl8, <Pl9, ^20, <P2U ^22, V?23, <^24, V?25, V?28, V?29 
</?ll' = (V?3 - fll) /V%, 

^26' = (-f ^26 - Vl)/ViVT 

F3, F4, F 5 , F e , F 7 , F 8 , F 9 , Fio 
Hi, H 2 , H 3 , H 5 , H 6 , H 7 , H 8 
Ei, Ei, E 2 , E 3 , E A , E 5 

00000000 

<J1) <->2; <->3; D4, D5, Og, D7, Og 

Ti,T 2 ,T 3 

Table IVb: List of massless states (without effective bilinear terms in ([24])) for the P2-P3IF 
flat direction. 



Effective (3 








ft' 


flu' 


f3 2 hid 


i^Ahid 


P[P 2 P 3 Flat Direction 
P2-P3 \f Flat Direction 


10.0 
10.3 


6.0 
7.0 


-2.0 
-2.0 


10.2 
10.6 


4.8 
5.0 


10.0 
10.0 


2.0 
3.0 



Table V: Effective beta-functions are quoted for the two representative flat directions. The 
effective beta-function is defined as $ = flf/ki, where /3° and fc, are the beta-function 
and the Kac-Moody level for a particular gauge group factor, respectively. The subscripts 
1, 2, 3, 1', 2hid, Ahid refer to U(1) Y , SU{2) L , SU(3) C , 17(1)', 5C/(2) 2 , 5C/(4) 2 gauge 
group factors and 11' refers to the U(l)y and U(l)' kinetic mixing. The Kac-Moody levels 
are k\ = 11/3, k 2 = k 3 = 1, k v ^ 16.67, and k 2hid = k Ahid = 2. 
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